1. Introduction {#sec1}
===============

1.1. Motivation {#sec1.1}
---------------

The projected increases in both energy demand worldwide and global warming necessitate the development of renewable energy sources with a reasonable cost. Perovskite solar cells (PSCs) are an unprecedented class of emerging thin-film photovoltaic SCs, possessing outstanding optoelectronic properties and compatible deposition methods with high-volume manufacturing techniques because of their solution processability. Solution processing of perovskite and other solution-based thin films via various liquid-based or droplet-based deposition techniques affects the device performance,^[@ref1],[@ref2]^ and in situ and post-treatment techniques are required to remove defects such as pinholes. Novel methods for improving thin-film quality include soft cover,^[@ref3]^ flash infrared annealing,^[@ref4],[@ref5]^ vacuum,^[@ref6],[@ref7]^ ultrasonic vibration of wet films,^[@ref8],[@ref9]^ application of electric^[@ref10]^ and magnetic^[@ref11]^ fields, ion migration,^[@ref12]^ and microwaves.^[@ref13],[@ref14]^

The focus of this work is the effect of ultrasonic vibration on wet films of solutions: application of ultrasonic vibration during drying creates micromixing inside the liquid and influences interaction between the components, which alters the associated physical phenomena.^[@ref15]−[@ref21]^ Indeed, other external forces such as microwaves, electric waves, and magnetic waves have similar effects. External forces such as ultrasonic vibrations may also result in a change in the rate of nucleation and crystal growth in ionic solutions^[@ref22]^ such as perovskites. In this context, Zabihi and Eslamian^[@ref22]^ studied the kinetics of PbI~2~ crystallization excited by ultrasonic vibrations using the Avrami equation.^[@ref23]^ For this particular system, the study showed that crystal transformation from a two-dimensional (2D) structure to epitaxial three-dimensional structure prevents thin-film dewetting under ultrasonic vibration. This study of PbI~2~, a precursor of perovskites, gives insight into the fabrication of PSCs as a whole.

To assess the merit of a deposition method for perovskite solid films, the required operating temperature and the resulting power conversion efficiency (PCE) of the ensuing devices are important factors to consider. Minimizing the density of recombination trap sites directly results in an improved PCE, and larger grain sizes usually serve this purpose because of reduced grain boundaries. Grain size is strongly dependent on the deposition and post-treatment method. In particular, soft cover processing, mentioned above, yielded grain size smaller than 1 μm^3^, whereas larger grain sizes, \>1 μm, were observed with the ultrasonic vibration method.^[@ref9]^ Furthermore, because ultrasonic vibration is a mechanical processing method, it is favorable for large-scale perovskite thin-film production on flexible substrates: it is robust, reproducible, cost-effective, and compatible with temperatures as low as ∼40 °C.^[@ref8]^ This method has also shown applicability to other solution-processed materials, for example, improvement of physical and chemical properties of graphene--TiO~2~,^[@ref20]^ ZnO,^[@ref24]^ and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate^[@ref16]^ thin films. Ahmadian-Yazdi et al.^[@ref25]^ performed ultrasonic vibrations on mesoporous structured PSCs before annealing on single and mixed-halide perovskites, and their results demonstrated substantial film coverage and charge-transfer improvement. In another study, Ahmadian-Yazdi et al.^[@ref8]^ eliminated the annealing process for perovskite thin-film processing by employing diethyl ether (DEE) as an antisolvent for *n*-methyl-2-pyrrolidone (NMP) during spin casting. An antisolvent-free and annealing-free process was also introduced by replacing NMP by NMP/acetonitrile, which resulted in PCEs of 14.09 and 9.20%, respectively.^[@ref8]^ Later, Xiong et al. improved the PCE of the annealing-free device to 18.55% using ultrasonic vibrations applied on a mixed perovskite and achieved a grain size larger than 1 μm, whereas the reference thermally annealed device showed a PCE of 15.17% with a smaller grain size.^[@ref9]^

1.2. Theoretical Background {#sec1.2}
---------------------------

The aforementioned introduction reveals the merit and potential of ultrasonic vibrations for the preparation of annealing-free perovskite films at room temperature. This section provides a background on evaporation and crystallization of thin films of liquid solutions; the following sections present results on the effects of ultrasonic vibration on evaporation, crystallization, and other characteristics of perovskite thin films.

### 1.2.1. Evaporation {#sec1.2.1}

Post-treatment methods of perovskite films, including heat treatment and ultrasonic vibrations, mainly control solvent evaporation. There are numerous studies on evaporation of liquid films, pure liquids or wet coatings, subjected to heat transfer^[@ref26],[@ref27]^ but very few studies on liquids subjected to ultrasonic vibrations^[@ref19]^ as an unconventional drying process. The evaporation rate of the solvent from a thin film of a solution (*E*), as realized in wet perovskites and other coatings, is complex. It is a function of the thin-film temperature (*T*),^[@ref28]^ which is nearly uniform, surface tension of wet thin film (γ),^[@ref28]^ heat capacity of solvent (*C*~*p*~), pressure (*p*),^[@ref28]^ surface structure and roughness of the substrate (*R*),^[@ref29]^ solution concentration (*c*),^[@ref28]^ and surface wettability. Perovskite solutions show low contact angle and high wetting on titanium dioxide (TiO~2~),^[@ref17]^ which is a result of low surface energy. The wet film exhibits hydrogen bonding between the molecules of perovskite and the solvents; the resulting change in surface tension as concentration varies over time affects the chance of molecules to escape from the surface of the film. Furthermore, the bulk and vapor pressure, as well as disjoining pressure for ultrathin films, play an important role in the evolution of the thin film and its evaporation. Here, only the bulk ambient pressure (*p*) is considered. In addition, surface roughness is the only surface property accounted for, as a first approximation. For simplicity, the aforementioned parameters are grouped into several dimensionless numbers using the π-Buckingham theorem. These numbers are obtained as follows based on three main parameters, *E*, *T*, and *R*, where other parameters are repeated

As mentioned before, evaporation is affected by the wettability of the surface, surface texture, and roughness because the micro--nanostructures increase the liquid surface area and behave as capillary wicking agents, which may lead to changes in surface energy and fluid flow. In this context, confining the perovskite solution via the macro--nanopores of the substrate to improve the conversion of perovskite precursors to perovskite crystals with a desired orientation has been studied,^[@ref30],[@ref31]^ whereas evaporation has been seldom emphasized as a route to control the characteristics of the perovskite thin film. Compact and mesoporous TiO~2~ (C-TiO~2~ and M-TiO~2~ hereafter, respectively) are the classic substrates for the deposition of perovskite films, and their different surface texture, through roughness, may affect the mechanism of perovskite deposition and solvent evaporation, to be studied in this work.

### 1.2.2. Nucleation and Crystallization {#sec1.2.2}

Upon sufficient solvent evaporation from a wet perovskite thin film, nucleation starts which then leads to crystallization. Owing to its crucial role in film quality, significant effort has been devoted to the control of nucleation,^[@ref32],[@ref33]^ prior to post-treatment by thermal annealing, ultrasonic vibrations, and so on. Nucleation and crystallization can happen simultaneously throughout the thin-film formation.^[@ref34]^ The removal of the solvent drives the solution into the supersaturation phase,^[@ref35]^ at which point nuclei may form at the interface of the solution--substrate (heterogeneous nucleation) and/or in the bulk of the thin film (homogeneous nucleation). The nuclei may then grow under favorable thermodynamic conditions to form crystals.

The total free-energy change for homogeneous nucleation in a solution is given by^[@ref36]^where *V*~M~ is the molar volume of the nucleus, *T* is the absolute temperature, *S* is the ratio of the solution concentration to the equilibrium solubility limit (supersaturation parameter), *r* is the nucleus radius, γ~cl~ is the interfacial energy between crystals and the liquid solution, and *R*~g~ is the gas constant. The solution concentration determines the thermodynamic stability of the nuclei and consequently the critical nuclei size. At a constant temperature, critical nuclei size, *r*~c~ = 2*V*~M~γ~cl~/*R*~g~*T* ln (*S*), is associated with the solution concentration. Nuclei larger and smaller than *r*~c~ will grow and dissolve in the solution, respectively.^[@ref37]^

Furthermore, besides homogeneous nucleation in the bulk of the solution, supersaturation in a wet thin film results in the formation of monomers at the interface of the solution and substrate, where these monomers can form a single crystal nucleus^[@ref37]^ through a process called heterogeneous nucleation. The nucleolus on the substrate is usually modeled as a spherical cap, as depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. As heterogeneous nucleation appears at the interface of the solution with a foreign surface, the free energy of nucleation ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) is reduced because of the changes in surface energy and contact angle between nuclei/crystals and the solution, γ~cl~*F*(θ).^[@ref37]^ In other words, nucleation is heterogeneous when the nuclei energy barrier in homogeneous nucleation decreases because of the reduction of interface energy with the amount *F*(θ), that is, the reduction in the free energy is a function of the contact angle θ.^[@ref34],[@ref35]^ The contact angle is related to binary interfacial energies through Young's equation as followsand *F*(θ) is obtained as followswhere γ~cl~ and γ~sl~ are the interfacial energies between the crystal (c)---liquid (l) and solid (s)---liquid (l) interfaces, respectively, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Here, in this study, the solid phase is either C-TiO~2~ or M-TiO~2~ substrates; the liquid is the perovskite solution; and the crystal is the perovskite crystals.

![Nucleus/crystal spherical cap model on a solid substrate, among three phases. The subscripts s, l, and c denote the solid substrate, crystal, and liquid solution phases.](ao9b03566_0001){#fig1}

![Perovskite thin-film (a) deposition (e.g., by spin coating) and (b) post-treatment with ultrasonic vibrations.](ao9b03566_0007){#fig2}

Typically, both types of nucleation may happen, but heterogeneous nucleation dominates when supersaturation *S* from [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is low, whereas a high *S* favors homogeneous nucleation.^[@ref37]^ Another consideration is that nucleation growth is faster at higher temperatures, but the perovskite decomposes at certain high temperatures; therefore, there exists a specific range of favorable temperatures below the decomposition temperature where the nucleation rate is still high. Despite a large thermodynamic force for nucleation at low temperatures, molecular diffusion is slow, leading to a lower overall nucleation rate.^[@ref37]^ In the case of perovskite formation by spin coating, nucleation may happen during both deposition and post-treatment.

1.3. Objectives {#sec1.3}
---------------

The aforementioned literature review and background show that the evaporation process of perovskite liquid films is not well studied. In addition, apart from demonstrating the merit of the method for device performance, the annealing-free ultrasonic vibration post-treatment of perovskite thin films has never been explained in detail. Thus, this paper aims to study the evaporation and evolution of perovskite thin films under ultrasonic vibrations. Here, two common perovskite solutions spun on compact and mesoporous TiO~2~ substrates are used to study the crystallization process over vibration time, and the major factors that affect perovskite thin-film evolution during ultrasonic vibrations are evaluated. The study of evaporation rate, solvent choice, and antisolvent choice gives a holistic understanding of the effect of ultrasonic vibration on thin-film evolution.

2. Results and Discussion {#sec2}
=========================

2.1. Effect of Substrate, Solvent, and Antisolvent on Evaporation {#sec2.1}
-----------------------------------------------------------------

[Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [3](#fig3){ref-type="fig"}b display the atomic force microscopy (AFM) surface topography of C-TiO~2~ and M-TiO~2~ films, showing the compact and mesoporous texture of the films, respectively. The inset scanning electron microscopy (SEM) image shows the larger area of M-TiO~2~ with high porosity. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d shows the X-ray diffraction (XRD) pattern and transmittance of rutile C-TiO~2~ and M-TiO~2~, corroborating the crystalline phase of TiO~2~^[@ref38],[@ref39]^ and the high transmittance within the visible range because of the large band gap of TiO~2~. The TiO~2~ films are deposited on fluorine-doped tin oxide (FTO)-coated glass, and therefore the XRD peaks of FTO are also detected.

![AFM images of (a) C-TiO~2~ and (b) M-TiO~2~ thin films spun on FTO-coated glass. In (b), the inset shows the SEM image as well, where the scale bar is 2 μm. (c) XRD pattern and peaks of TiO~2~ (\#) spun on FTO-coated glass, where (\*) denotes the peaks of FTO. (d) Transmittance curves of C-TiO~2~ and M-TiO~2~ films.](ao9b03566_0008){#fig3}

![Mass loss ratio of a perovskite solvent because of spin coating, with two solvents or solvent mixtures (DMSO/DMF and NMP) and two antisolvents (DEA and DEE). The as-spun samples were weighed without any post-treatment.](ao9b03566_0009){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the mass loss ratio of the solvent in perovskite films prepared with two solvents or solvent mixtures \[dimethyl sulfoxide (DMSO)/dimethylformamide (DMF) and NMP\] and two antisolvents \[diethyl acetate (DEA) and DEE\], without ultrasonic vibration treatment. It is shown that the perovskite films prepared with NMP on both substrates exhibit higher mass loss and solvent evaporation. Additionally, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows that for all solvents and antisolvents, M-TiO~2~ enables a higher rate of solvent evaporation and thus a higher supersaturation ratio, *S*, because of the presence of pores. From this result, it is inferred that a higher initial solution concentration in the samples with high mass loss ratio prior to post treatment leads to an early nucleation and a smaller critical nucleus size and, therefore, a higher likelihood of stable nucleation ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, with a higher *S*).

2.2. Thin-Film Evolution and Solvent Depletion with Ultrasonic Vibrations {#sec2.2}
-------------------------------------------------------------------------

Although some part of the DMF/DMSO/NMP solvents leave the thin film before ultrasonic vibration or heat treatment, the aforementioned solvents create intermediate phases after spin casting. Evaluation of the variations of the formation of intermediate perovskite phases in the thin film is important to understand the changes in the interfacial energy. These intermediate phases are the quasi-binary PbI~2~--DMF and PbI~2~--*n*DMSO and quasi-ternary pMAI·mPbI~2~·*n*DMSO, where m, n, and p denote the number of associated molecules. Guo et al.^[@ref40]^ identified (MA)~2~Pb~3~I~8~·2DMSO, a yellowish intermediate phase, by introducing DEE into the solution. Moreover, (MA)~2~Pb~3~I~8~·2DMSO is suggested to be the most favorable intermediate phase of DMSO--perovskite. Note that this intermediate phase and DMSO could increase the polarity of MAI--PbI~2~--solvent films.^[@ref41]−[@ref44]^ In the case of NMP, the formation of an MAI--PbI~2~--NMP intermediate phase has also been reported.^[@ref45]^ The formation of intermediate phases at the early stages of film formation will be verified by Fourier transform infrared spectroscopy (FTIR) and XRD characterization, later.

The confined interaction of perovskites with the solvents NMP and DMSO/DMF are verified by FTIR, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b, respectively, for samples subjected to 60 and 180 s of ultrasonic vibrations. The solvent diffusion into the precursors implies intermediate phase formation, and strong peaks appear at 1015 (cm^--1^) and 1640 (cm^--1^), associated with DMSO and NMP, respectively, which reduce with the time of ultrasonic vibrations. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b shows C=O and S=O bonds, typical of NMP and DMSO, respectively. It is expected that the C=O bond in the NMP--perovskite complex decreases because of the interaction of MAI that weakens the bond between PbI~2~ and the solvents by intercalating into the PbI~2~ framework.^[@ref46]^ The reduction of this bond happens with increasing the time of ultrasonic vibrations.

![FTIR analysis performed on perovskite films. (a) NMP-based perovskite and (b) DMSO/DMF-based perovskite. (c) Mass change of the perovskite film with respect to the ultrasonic vibration time and (d) mass change of the as-spun perovskite film because of natural convection, without ultrasonic vibrations.](ao9b03566_0010){#fig5}

Solvent depletion was also characterized by mass. The qualitative study of the normalized mass of the perovskite films prepared with NMP and DMSO/DMF ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) reveals that the perovskite film deposited on M-TiO~2~ reaches the minimum amount of solvent after 1 min of ultrasonic vibrations. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c also shows additional solvent mass reduction from the film deposited on C-TiO~2~ substrates after 1 min of ultrasonic vibrations, indicating higher evaporation rate on mesoporous substrates, as observed before for nonvibrated samples as well, as seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The solvent evaporation slows down after 2--3 min of vibrations on both substrates, which proves that the majority of the solvent evaporates after a short period of ultrasonic vibration at room temperature.

Overall, the trend of the measured solvent mass reduction ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) is qualitatively consistent with the peak of solvent from the FTIR analysis ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). Furthermore, the mass loss of the as-spun wet perovskite film because of natural convection is measured, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d. The results show that the effect of natural evaporation is negligible, and therefore the major solvent evaporation in the samples treated with ultrasonic vibrations is in fact a direct result of ultrasonic vibrations.

The mass loss analysis in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c can be used to obtain the solution concentration in the thin film (*c*), defined as the mass of the solute per total mass of the film, by calculating the mass of the solvent and dry film, where the solvent mass decreases with the vibration time. The evaporation rate of the solvent (*E*), the film uniform temperature (*T*), and other parameters are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for two perovskite solvent systems, namely, NMP and DMSO/DMF. Then, the dimensionless numbers obtained previously and shown as [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} were evaluated, leading to a correlation between the perovskite solution evaporation number π~1~ and the film temperature number, π~2~, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, whereas the effect of the substrate type through the roughness number, π~3~, is weaker. Thus, the correlation between the aforementioned numbers can be written as follows

![Evaporation (π~1~) and temperature (π~2~) numbers for perovskite film evaporation on C-TiO~2~ with roughness of R = 21.7 nm and on M-TiO~2~ with roughness of *R* = 79 nm, where all films were subjected to ultrasonic vibrations. The details of the data and calculations are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. For the C-TiO~2~ substrate, , and for the M-TiO2 substrate, . The temperature in π~2~ is in Kelvin units to reflect the fact that the evaporation rate is inversely proportional to absolute temperature, as physical models suggest.](ao9b03566_0011){#fig6}

###### Perovskite Solution and Thin-Film Properties, Deposited on C-TiO~2~ and M-TiO~2~ Substrates, Prepared in a Glovebox at Ambient Pressure of 100 kPa, Where Two Solvent Systems of NMP and DMSO/DMF Were Used

             C-TiO~2~   M-TiO~2~                                                     
  ---------- ---------- ---------- ----- -------- ------ ---- ------- ----- -------- ------
  DMSO/DMF   34         66.54      149   51.32    5.18   31   64.99   149   53.12    5.3
             34         64.04      149   52.4     4.8    31   67.86   149   52.20    5.11
             36         64.05      150   53.13    2.54   35   60.76   150   65.38    2.62
             36         60.05      150   63.75    2.3    35   60.90   150   65.40    2.5
  NMP        34         64.03      174   130.80   2.4    31   65.22   174   77.27    3.13
             34         66.04      174   130.76   2.85   31   63.28   174   81.00    1.3
             36         64.06      175   147.82   1.38   35   59.56   175   80.95    1.56
             36         61.45      175   153.54   0.77   38   53.30   178   113.00   0.8
             39         52.29      178   154.54   0.92   38   54.25   178   113.33   1.03

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows that with an increase in the temperature dimensionless number π~2~, the evaporation dimensionless number π~1~ rapidly decreases, indicating a quick solvent depletion resulting in a decrease in the evaporation rate. The correlation between the two dimensionless numbers is given in the caption of [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} where it has been assumed that the evaporation rate varies with the inverse of absolute temperature, consistent with the evaporation models developed for liquid films and droplets.^[@ref47]−[@ref49]^ Additional experiments and data points are required to develop a robust and reliable correlation and model considering all process parameters.

2.3. Perovskite Thin-Film Interfacial Energy {#sec2.3}
--------------------------------------------

In a recent study, Tsai et al.^[@ref50]^ used slow crystallization to improve the quality of perovskites; so, this analysis uses perovskite samples with a high volume of solvent in the thin film for a slower crystallization. In addition, DMSO/DMF solvent was chosen for the interfacial energy study in this section and for the crystallization study in the following sections.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows that the interfacial energy of the perovskite film decreases with the time of imposed ultrasonic vibrations. The decrease of interfacial energy is attributed to the reduction of the residual solvent, which affects the perovskite structure and composition, because intermediate phases of perovskite form before the final phase. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows that for both mesoporous and compact substrates, the perovskite interfacial energy starts at the same value of ∼68 mN/m but ends at different values after 180 s of vibrations. This observation indicates the effect of the substrate texture on the amount of solvent evaporation during evaporation, consistent with the findings of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In the following section, the effect of interfacial energy with respect to solvent evaporation will be studied because of its key role in the fabrication of perovskite films.

![Interfacial energy of perovskite thin films versus time of imposed ultrasonic vibrations. The films were prepared using DMSO/DMF as the solvent and DEA and DEE as antisolvents on (a) M-TiO~2~ and (b) C-TiO~2~ films.](ao9b03566_0012){#fig7}

It was inferred from the FTIR results of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, and also from the XRD patterns to be discussed later, that the intermediate phases of the perovskite--solvent transform to perovskite crystals by losing the polar solvents, that is, DMSO and NMP, in the thin film. This conversion alters the polarity of the thin film. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a shows that the dispersive component of the interfacial energy at a given vibration time, γ^d^(*t*), normalized with respect to the dispersive interfacial energy associated with 60 s of ultrasonic vibrations, γ~la~^d^(60), is only reduced by 10% after *t* = 180 s of ultrasonic vibrations, whereas [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b shows that the polar component, γ^p^(*t*), reduces by 50% for all samples after *t* = 180 s of ultrasonic vibrations. Therefore, the reduction in interfacial energy here is due to the depletion of polar solvents.

![(a) Dispersive and (b) polar interfacial energy of perovskite thin films for various times of ultrasonic vibrations, normalized with respect to the associated values at 60 s of ultrasonic vibrations. A combination of substrates and antisolvents was used. The solvent is DMSO/DMF.](ao9b03566_0013){#fig8}

2.4. Perovskite Thin-Film Crystallization {#sec2.4}
-----------------------------------------

So far, these results have shown that the solvent depletes and the interfacial energy of perovskite films decreases with increasing the time of imposed ultrasonic vibrations. In addition, in previous studies, it has been shown that ultrasonic vibrations result in an improvement in the perovskite light absorption^[@ref8]^ and a decrease^[@ref25]^ or increase^[@ref9]^ in the grain size, depending on the choice of the substrate and solutions, as discussed in the [Introduction](#sec1){ref-type="other"} section. The aforementioned effects may be because of the variations in the nucleation and crystallization of the perovskite, under the presence and varying time of ultrasonic vibrations. In this section, the classical theory of nucleation will be used to quantify the heterogeneous or homogeneous nucleation of the perovskite during ultrasonic vibrations.

In previous sections, it was shown that the perovskite solvents evaporate after 180 s of vibrations in all cases (cf. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and that interfacial energy decreases with the time of ultrasonic vibrations (cf. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). According to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, with the known contact angle of perovskite nuclei on the TiO~2~ film (cf. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), it can be determined whether the nucleation is homogeneous, that is, *F*(θ) = 1, or heterogeneous, that is, 0 \< *F*(θ) \< 1, at a given time of ultrasonic vibrations. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,b shows the values of θ and *F*(θ), associated with perovskites spun on C-TiO~2~ and M-TiO~2~ substrates, respectively, for perovskite films prepared with two antisolvents, DEA and DEE. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows that on both compact and mesoporous substrates, both homogeneous (in bulk of the solution) and heterogeneous (on the interface) nucleations are present. In addition, the mesoporous layer favors heterogeneous nucleation compared to the compact layer because of its lower *F*(θ), after 120 s of ultrasonic vibrations.

![Variations of *F*(θ) vs ultrasonic vibration time for the film spun on (a) C-TiO~2~ and (b) M-TiO~2~ substrates. The solutions were prepared with two antisolvents DEA and DEE and with the DMSO/DMF solvent.](ao9b03566_0014){#fig9}

###### Interfacial Tensions (mN/m) between Various Phases for the Spherical Cap Model, for DMSO/DMF-Based Perovskite Films[a](#t2fn1){ref-type="table-fn"}

                     γ~sl~   γ~sc~   γ~cl~   θ (deg)                       
  ------------ ----- ------- ------- ------- --------- ------ ------ ----- -----
  compact      60    0.22    0.12    0.66    0.66      1.82   2.69   105   102
               120   0.24    0.43    0.66    0.66      1.57   0.47   107   124
  mesoporous   60    0.71    0.18    0.73    0.73      1.57   2.79   91    101
               120   1.31    1.22    0.73    0.73      0.89   1.31   50    65

θ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) was calculated from [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, for two antisolvents and two vibration times, where the films are still wet and the spherical cap model is still valid.

Furthermore, as studied in [Sections [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"} and [2.2](#sec2.2){ref-type="other"}, surface features, that is, surface compactness and porosity, influence the rate of evaporation, which also affect the rate of perovskite nucleation/crystallization. As the concentration of the perovskite increases with increasing ultrasonic vibration time, the rate of nucleation changes. The classical nucleation theory expresses the rate of nucleation as follows^[@ref35],[@ref36]^where *I* is the nucleation rate and *Q*~D~ is the activation energy of the transport of monomer to the nucleus/solution interface. Assuming that the sum of the activation energy and free energy is constant in annealing (performed at 100 °C) and in ultrasonic vibrations (performed at 25 °C), only the post-treatment temperature associated with annealing and vibrations affects the nucleation rate. The ratio of nucleation in annealing to ultrasonic vibrations can be obtained as follows

[Equation [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} reveals that the nucleation rate of the perovskite during annealing can be higher than that during vibrations, provided that *Q*~D~ + Δ*G* remains constant between the two processes. However, individually assuming that *Q*~D~ remains temperature-independent and Δ*G* can increase with temperature, decreases and can increase with decreasing temperature.^[@ref51]^ Considering the overall energy changes with temperature leads to the nucleation rate model, which reaches a maximum and then decreases with increasing temperature.^[@ref52]^ Therefore, the perovskite thin film can exist in region I, where the nucleation rate is larger at a higher temperature, whereas in region II the nucleation rate is larger at a lower temperature, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. Here, with the assumption that perovskite films as-spun and treated by ultrasonic vibrations remain in region I, studying another parameter can provide additional insight into the vibrational effect on the perovskite film quality, to be elaborated in the following.

![Nucleation rate with respect to the effect of temperature.](ao9b03566_0002){#fig10}

The *Q*~D~ and Δ*G* values are positive before reaching the critical Gibbs free energy (Δ*G*~c~) or the critical radius of nuclei; then, Δ*G* decreases until it reaches a negative value, indicative of a state of crystal growth. Further, the Boltzmann energy distribution states that the number of nuclei with the potential to become crystals is proportional to exp(−Δ*G*/*kT*), *k* being the Boltzmann constant. However, a higher operating temperature is more favorable for a high rate of nucleation in the post-treatment stage, whereas supersaturation and precipitation happen during spin coating with the antisolvent treatment. It follows that the nucleation rate can be lower during post-treatment and decreases at room temperature, compared with the usual annealing at ∼100 °C. Thus, although ultrasonic vibration post treatment results in a lower number of nuclei, this method also allows for the conversion of more stable nuclei with small or negative free energy because the Boltzmann energy distribution is larger at lower temperature for ultrasonic vibrations, as long as the nuclei are larger than the critical size.

One may argue that a lower rate of nucleation may result in a poor coverage of perovskite film, but in fact, optimum nucleation should be achieved during spinning before post-treatment begins. In other words, spinning already facilitates nucleation before post-treatment; so, it is expected that crystal growth dominates the nucleation/crystallization process during the post-treatment of the thin film. As a result, it is evident that (i) heterogeneous nucleation and (ii) the effective impact of ultrasonic vibrations on diffusion with high thermodynamic driving forces explain the higher quality found in the perovskite thin films subjected to ultrasonic vibrations, compared to the thermally annealed films, as shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. Although pinholes appear early in the vibration treatment, a fully covered thin film is produced as the vibration time increases as a result of continuous nucleation, solvent evaporation, reduction of interfacial energy, and higher nucleus conversion into the growth stage. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows the presence of pinholes in the thermally annealed sample, which can be a result of faster evaporation in the thin film and a lower conversion of nuclei, compared with the samples subjected to ultrasonic vibrations. Each SEM image of [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} displays the average grain size, showing that the grain size is controlled by a range of parameters such as the post-treatment method (annealing or vibration), solvent system, substrate interfacial energy, and surface features. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows that the samples prepared with the NMP solvent have larger grains compared to the samples incorporating the DMSO/DMF solvent system. The complex phenomena of grain growth will be further discussed in the following.

![SEM topography of perovskite thin films subjected to ultrasonic vibrations (without thermal annealing) and films subjected to thermal annealing only. The scale bar is 200 nm. The average grain size obtained by image analysis is shown in each SEM image.](ao9b03566_0003){#fig11}

Nucleation rate is not the sole parameter controlling all variations in perovskite coverage and grain size; lower free energy and ion migration have been argued to be likely the reasons for larger grains,^[@ref53]^ although the effect of other parameters cannot be ruled out. This phenomenon can also be explained partially by the diffusion of perovskite ions. As interfacial energy increases, ions travel more slowly near the substrate, as the interfacial energy imposes friction forces against ion movement at the interface of the liquid and solid.^[@ref53]^ In contrast, at a lower interfacial energy, better traveling of ions near the substrate or more ion diffusion enables the continuous growth of perovskite grains and produces larger grain sizes. Here, the reduction of perovskite interfacial energy over the course of post-treatment may happen in two different schemes with annealing and ultrasonic vibrations.

Another consideration is that large grain sizes require an optimum number of nuclei. In other words, for the high density of nuclei, many grains form and reach the boundaries of neighboring grains, resulting in the formation of small grains. This likely causes coarsening, which may result in nonuniform small grains. The thermodynamic driving force of coarsening is the difference in curvature.^[@ref37]^ Polycrystalline materials have different grain sizes and sides, and the grains are categorized based on the number of their sides: six, more than six, and fewer than six. Six-sided grains are stable and do not change or grow significantly with the external energy, whereas grains with more than six sides grow, and grains with fewer than six sides shrink. This phenomenon is called solid-state coarsening. The solid-state grain coarsening rate can be found as follows^[@ref54]^where *t* is time, *r*~0~ and *r*~*t*~ are the grain radii at time zero and *t*, respectively, and *Q*~B~ is the energy of the grain boundary motion. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} compares the topography of samples with two different post-treatment methods. The presence of a solvent in a one-step annealing method advances the Ostwald ripening in competition with the monomers and nucleation. This competition results in small grain sizes such as those shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} for annealed samples. Although high-temperature post-treatment leads to small grain sizes, resulting in Ostwald coarsening, ultrasonic vibrations may follow a different mechanism of coarsening. We hypothesize that imposing ultrasonic vibrations, instead of annealing, promotes solid-state coarsening, and larger grains appear, whereas smaller grains shrink, as seen in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. Here, the results show that the imposed ultrasonic vibrations provide sufficient energy to overcome the activation energy of the grain boundary motion. To the best of our knowledge, this study is the first to conduct room-temperature post-treatment to control the motion of thin-film grain boundaries. This gives evidence that the different grain sizes of perovskites for each post-treatment method can be attributed to the differences in solid--liquid interfacial energy, nucleus density, and coarsening of grains.

2.5. Crystallographic Parameters {#sec2.5}
--------------------------------

To characterize the perovskite crystal growth direction over ultrasonic vibration time, intensity and integrated intensity of diffraction peaks in XRD tests were obtained. The full-range XRD pattern of [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a for annealed and vibrated samples for 2 and 3 min exhibits major reflections from the (110), (220), and (310) planes, corresponding to ∼14.05°, 28.4°, and 31.8°, revealing a tetragonal structure, which is the dominant phase of the perovskite.^[@ref55]^[Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a shows that the intensity of all perovskite peaks increase with the vibration time at the same rate. Therefore, the degree of preferred orientation does not change significantly across vibration times. The shift of the (110) plane at 14.05° to a lower angle, commonly observed in the literature, can be because of the compressive strain of the perovskite crystal, which indicates the same process as seen in annealing of the thin film.^[@ref56]^ The preferred orientation of the crystal is determined by the surface structure, that is, pores and the evaporation rate of the perovskite thin film. [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b shows the XRD pattern for lower angles, where some additional peaks are detected when the vibration time is insufficient for the complete conversion of precursors to perovskites (vibrations for 1 and 2 min). For the annealed and vibrated sample for 3 min, these peaks have disappeared. These peaks have been attributed to the intermediate phases of the perovskite,^[@ref57]^ discussed earlier in [Section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"}.

![XRD patterns of perovskites: (a) M-TiO~2~/NMP perovskite, (b) intermediate phases of the perovskite, where (\*) and (\#) denote the perovskite intermediate phases and perovskite peaks, respectively. (c) Ratio of integrated intensity of the (110) plane of the perovskite crystal of samples exposed to ultrasonic vibrations and treated with DEE to that of thermally annealed sample. (d) Energy gap of the perovskite thin film after 3 min of vibration.](ao9b03566_0004){#fig12}

[Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c shows the ratio of integrated intensity of the (110) plane of the perovskite crystal of samples exposed to ultrasonic vibrations and treated with DEE to that of the thermally annealed sample. In the case of the NMP solvent with a higher evaporation rate and a lower solvent residue, the deposited film exhibits a higher integrated intensity with the preferred (110) orientation. Further vibration time beyond 2 min causes the intensity of the (110) peak to intensify even more than that in the annealed perovskite thin film. More importantly, the crystal lattice changes as the peak shifts toward a lower angle of diffraction after 1 min vibration. Furthermore, the perovskite peak at 14° is consistent among all samples, exposed to ultrasonic vibrations or thermally annealed, except for the sample treated with ultrasonic vibrations for only 1 min. This result shows the consistent phase of perovskite throughout the time of post-treatment, same as the annealed sample.

Although the perovskite phase does not change, the crystal growth orientation can be different. It has been shown that the application of different solvents changes the preferred direction of the perovskite crystal growth,^[@ref58]^ whereas in ultrasonic vibration post-treatment, regardless of the solvent, the preferred direction of perovskite growth is found to be toward the (220) plane. Consequently, increases in the intensity of perovskite in both the (110) and (220) planes show improvement in crystallinity.

To further corroborate the formation of perovskites, UV--vis analysis was performed on the perovskite sample prepared with 3 min of vibration ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}d), where a band gap of 1.65 eV was obtained, consistent with the literature reports.

Some recent studies have focused on elucidating the impact of grain size and the grain-preferred orientation on the PCE of PSCs.^[@ref59]^ The fact that interfacial defect sites can be suppressed with a large grain size and low grain angle has important consequences not only on recombination and PCE but also on the stability of PSCs. Wieghold et al.^[@ref59]^ demonstrated that low angular orientation is a prerequisite for better charge extraction at the interface. To this end, inclination of the grain of perovskite thin films was calculated with the help of AFM images. [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"} shows smaller grain angles for perovskites spun on the M-TiO~2~ layer, whereas the distribution of angles is larger on the C-TiO~2~ layer and annealed samples. In contrast to other reports on conventionally annealed samples,^[@ref59]^ there were no significant changes in crystal orientation with the process of ultrasonic vibrations between DMSO/DMF and NMP samples.

![Incline angle of perovskite grains with respect to plane face for perovskite thin films prepared with different solvents, substrates, and post-treatment methods. C-annealing and M-annealing denote the thermally annealed samples spun on compact and mesoporous TiO~2~ substrates, whereas other samples were treated by ultrasonic vibrations.](ao9b03566_0005){#fig13}

As noted in previous sections, the perovskite thin films treated with ultrasonic vibrations are highly crystalline with a high coverage, with the grain size smaller than 200 nm, where similar grain sizes and improved film quality were reported with a different antisolvent^[@ref8]^ and also when Cl was added into the perovskite precursor.^[@ref25]^ In addition, another previous report made use of SnO~2~ instead of TiO~2~ as the substrate along with a different perovskite formulation, resulting in a significantly increased grain size up to 1 μm, yielding a device PEC of 18.55%.^[@ref9]^ Therefore, in terms of quality and morphology of the perovskite films, ultrasonic vibrations in current and previous studies resulted in defect-free films. However, the achieved perovskite grain size also depends on the substrate characteristics and perovskite formulations. An earlier study of the effect of ultrasonic vibration on PbI~2~ crystals proposed that the higher nucleation rate achieved by ultrasonic vibrations is responsible for the resulting dense thin film,^[@ref22]^ whereas the effect of temperature on Gibbs energy and activation energy was not considered. Here, the possibility of lower nucleation rates was also considered; therefore, Boltzmann energy distribution was studied to explain dense perovskite thin films, which showed that heterogeneous nucleation is enhanced on a mesoporous substrate when ultrasonic vibration is applied.

3. Conclusions {#sec3}
==============

This work addresses the importance of low-temperature post-treatment methods and annealing-free approach for large-scale production of perovskite films. Ultrasonic vibration imposed on the as-deposited wet perovskite film was shown to have a significant impact on the morphology, crystal structure, and grain orientation. Compared to high-temperature annealing, this method better controls the evaporation rate to produce dense, higher quality perovskite thin films as a result of homogeneous--heterogeneous nucleation. Ultrasonic vibration is shown to facilitate a better conversion of nuclei to crystals, not necessarily at a higher nucleation rate. The high-quality crystal can be attributed to higher thermodynamic forces and molecular diffusion, which increase crystallization without high temperature. Although the literature on annealing methods has reported that perovskite crystal orientation may change depending on the choice of the solvent, this phenomenon was not seen with ultrasonic vibration. Instead, ultrasonic vibrations had a uniform effect on crystal orientation, independent of the solvent. Furthermore, the grain orientation angle of vibration-treated samples is smaller than that of the annealed samples, resulting in reduced charge recombination and improved PCE. As a result, ultrasonic vibration is a suitable universal fabrication and post-treatment method for crystalline thin films. Application of this method is an improved route to inexpensive and large-scale fabrication of perovskite thin films.

4. Materials and Methods {#sec4}
========================

Methylammonium iodide \[CH~3~NH~3~I (MAI), 99.5%\] and lead iodide (PbI~2~, 98.5%) were supplied by Xi'an Reagents Co., China. *N*-Methylpyrrolidone (NMP), DEE, DEA, 2-propanol, DMSO, DMF, hydrogen chloride (HCl, 37.5%), ethanol (99.9%), titanium(IV)isopropoxide (97%), and titanium dioxide paste were purchased from Sigma-Aldrich. Diiodomethane and glycerol were purchased from Macklin.

FTO-coated glass (10 mm × 10 mm) substrates were washed sequentially by detergent, deionized water, 2-propanol, and acetone in an ultrasonic bath for 10 min each, followed by UV--ozone treatment conducted for 15 min. The titanium dioxide compact layer (C-TiO~2~) was prepared by diluting 2.54 mL of titanium(IV) isopropoxide into 16.9 mL of ethanol and then added to a solution of 350 μL of HCl in 16.9 mL of ethanol. The resulting solution with a low concentration of 0.23 mmol/mL was spun onto an FTO glass at 2000 rpm for 60 s to undergo a sol--gel process, and then the film was sintered at 500 °C for 30 min. The paste of mesoporous titanium dioxide (M-TiO~2~) nanoparticles was added to ethanol (2:7 mass ratio), and then the solution with the concentration of 2.7 mmol/mL was spun at 5000 rpm for 30 s, and the thin film was sintered for another 30 min at 500 °C. The C-TiO~2~ and M-TiO~2~ precursors had different characteristics, such as initial concentrations, and therefore, were spun at a suitable spinning speed and time, in order to achieve best results, in line with the literature reports, as well.^[@ref38],[@ref60]^

The perovskite solution was made with the precursors MAI (158.9 mg) and PbI~2~ (461.01 mg) dissolved in 1 mL of NMP or DMF/DMSO (4:1 by volume) in a glovebox. A perovskite thin film was spun onto the C-TiO~2~ or M-TiO~2~ thin-film substrates in two steps: first, the perovskite solution was spun at 1000 rpm for 12 s, and then the speed was increased to 4000 rpm for 30 s. After 12 s in the second step, 300 μL of antisolvent, DEA or DEE, was dripped on the thin film and spun for the remaining 18 s. The resulting thin film was annealed at 100 °C for 10 min (only for the reference sample) or placed immediately on an ultrasonically vibrating steel box for up to 180 s after spin casting. A disk-type Langevin ultrasonic transducer was installed inside the steel box, transferring vertical ultrasonic vibrations, 40 kHz frequency and 40 W, to the horizontally situated substrate and wet film. Under these conditions, a maximum vertical displacement of ∼7 nm is sensed on the surface of the steel box, which is then transferred to the glass substrate and liquid film.^[@ref16]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} depicts the process of post-treatment of a perovskite wet film when the substrate is placed atop an ultrasonic transducer.

In order to investigate the stability of the perovskite films, without any top layer, samples prepared under 3 min of ultrasonic vibrations were stored in a desiccator with a relative humidity (RH) \< 20% and also at ambient conditions with RH ≈ 50--60%. After 3 days, the samples stored in RH ≈ 20% remained intact with the original dark black color, indicating that the perovskite films remained stable. However, samples exposed to RH ≈ 50--60% partially turned yellow, and the XRD analysis revealed the formation of PbI~2~ peaks because of the partial decomposition of the perovskite. Therefore, the samples studied in this work were analyzed immediately to avoid partial decomposition.

The perovskite film thickness,^[@ref25]^ roughness,^[@ref61]^ and heat capacity of NMP^[@ref62]^ were extracted from other works. The heat capacity of the DMSO/DMF mixture was found using the heat capacity of DMSO^[@ref63]^ and DMF^[@ref64]^ and the mass fraction of each solvent in the mixture, based on the knowledge of the volume fraction of DMF/DMSO (4:1) and the density of DMSO and DMF, using a linear weighted averaging approach. Thus, the heat capacity of the DMSO/DMF mixture at 25 °C was found as *C*~*p*~ = 0.23 ×153 + 0.77 × 146 = 147.6 (J/mol °K).

The perovskite films prepared by ultrasonic vibrations were characterized as follows. The thin films were weighed with a microbalance (Mettler Toledo, USA). The mass of each as-spun sample without imposing vibrations but with antisolvent treatment was considered as the reference sample (*m*~0~). However, in order to find the solvent mass loss with respect to the effect of antisolvent, first the as-spun sample without antisolvent treatment was weighed and then a similar antisolvent-treated sample was weighed to find the magnitude of solvent evaporation solely because of the effect of the antisolvent. The difference between the former and latter masses gives the solvent mass loss with respect to the effect of the antisolvent. In addition, the antisolvent-treated sample subjected to ultrasonic vibrations for 1, 2, and 3 min was weighed. An infrared camera (FLIR C2, USA) was used to measure the temperature of the perovskite films spun on C-TiO~2~ and M-TiO~2~ substrates and subjected to ultrasonic vibrations up to 180 s, as presented in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}.

![Temperature variations of a fresh as-spun perovskite film on the C-TiO~2~ layer with a roughness of *R* = 21.7 nm and on the M-TiO~2~ layer with *R* = 71 nm, while placed on an ultrasonic vibrator. Glovebox temperature was 29 °C.](ao9b03566_0006){#fig14}

To find the contact angles and interfacial energies, we used a tensiometer (Theta, Biolin Scientific, Finland). The liquid--vapor interfacial tensions (surface tension) of perovskite solutions were obtained directly from the pendant droplet method, whereas the interfacial energies of the solids cannot be measured directly in one step. Thus, the polar and dispersive interfacial energies of the prepared perovskite thin films subjected to ultrasonic vibrations for 0, 1, 2, and 3 min with respect to air, γ~sa~^p^ and γ~sa~^d^, respectively, were calculated by measuring the contact angle, θ, of diiodomethane and glycerol, as two probe liquids, on the perovskite thin film. The two contact angles were used in the Owens, Wendt, Rabel, and Kaelble equation to yield two equations with two unknowns γ~sa~^p^ and γ~sa~^d[@ref65]^where the subscript *s* denotes the perovskite thin solid film, a denotes the air or gas phase, and l denotes the abovementioned probe liquids, for which their interfacial energies are known, that is, γ~la~^d^ and γ~la~^p^. The sum of γ~sa~^p^ and γ~sa~^d^ yields the total interfacial energy of the perovskite solid film with respect to air. Combining the above equation with the Young's equation, γ~sa~ = γ~sl~ + γ~la~ cos (θ), results in the following equation, which describes the interfacial energy of a solid with respect to a liquid phase, such as a solid perovskite with respect to a perovskite liquid solution. The other parameters are already known (γ~sa~^d^, γ~sa~^p^, and γ~sa~ obtained from [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}), and γ~la~^d^ and γ~la~^p^ are any probe liquid (here perovskite solution) interfacial tensions

[Equation [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} is valid for any three phases, which are in contact in a system. Now, to be able to utilize the spherical cap model for nucleation/crystallization, and then to find θ and *F*(θ) according to [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}, the interfacial energy of perovskite crystals with respect to the perovskite solution, γ~cl~, as depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, is required. Here, we used the interfacial energy of the perovskite film with respect to air, γ~sa~, obtained from [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, to find γ~cl~ through the following equation, where the phase s in [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} has been changed to phase c, the crystal phase.

In [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}, γ~ca~ is the interfacial energy of the perovskite crystal with respect to the air or gas phase, which we assume to be the same as the interfacial energy of perovskite thin films with respect to air, γ~sa~. γ~la~ is the interfacial tension (surface tension) of the perovskite solution. We obtained the surface tension of perovskite films spun on both C-TiO~2~ and M-TiO~2~ substrates, separately, as the average of γ~sa~ of heat-treated samples spun on M-TiO~2~ (50 mN/m) and C-TiO~2~ (46 mN/m) and the DMSO/DMF-based samples post-treated with ultrasonic vibrations, according to [Section [2.4](#sec2.4){ref-type="other"}](#sec2.4){ref-type="other"}.

The following procedure was used to find the contact angle of the crystal with respect to the substrate, θ, to determine the level of homogeneous and heterogeneous nucleation using [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"}. An atomic force microscope (FastScan, Bruker, USA) was used to find the surface topography of TiO~2~ films as well as the grain incline angle and the interfacial energy between TiO~2~ and the perovskite crystal, γ~sc~, in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}. A TiO~2~ particle was attached to the atomic force microscope probe, and the Hamaker constant between the particle and the perovskite dry film or crystal was obtained. Using the correlation between the Hamaker constant, *A̅*, cutoff distance, *D*, and interfacial energy, γ = *A̅*/24π*D*^2^,^[@ref66]^ the interfacial energy between the perovskite crystal and the TiO~2~ substrate, γ~sc~, was obtained. Here, the Hamaker constant is 5 × 10^--19^ (mJ) and 5.5 × 10^--19^ (mJ) for compact and mesoporous TiO~2~, respectively, and the cutoff distance is 0.1 (nm). In addition, the interfacial energy between TiO~2~ substrates and the perovskite film (γ~sl~) in the spherical cap model was calculated using [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, with the known interfacial properties of the TiO~2~ substrate and perovskite solution, and γ~cl~ was obtained from [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}. The foregoing three interfacial energies were plugged into [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} to find θ for the perovskite wet films subjected to ultrasonic vibrations at 60 and 120 s, as listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, for the perovskite films prepared with the DMSO/DMF solvent.

The topography of perovskite thin films was examined with a scanning electron microscope (Zeiss Ultra Plus, Germany). XRD tests (model D5005, Bruker, USA) were conducted to show the composition and crystal orientation of the perovskite thin films. Fourier transform infrared spectroscopy (FTIR, Spectrum-100, PerkinElmer Inc., USA) was employed to study the presence of solvents in the thin film. The direct band gap of the perovskite film was calculated from the UV--vis spectrum (Thermo Scientific, GENESYS 10S, US). The optical band gap of a semiconductor can be calculated using the Tauc curve----(α*h*ν)^2^ versus *h*ν----where *h* is Planck's constant, α is the absorbance coefficient from the UV--vis curve, and ν is the frequency.^[@ref67]^
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